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T his application is a division of reissue width (T 172 ). Hie curve has a second porftm spuming a 
77—; — • 1 _ aq/o^a^ «1pH Anmict 4 range of short (low) pulse width relative to the first portion. 
application serial no. 09/366,685 filed August 4, ^^^^ty {^weea fluence breakdown threshold 

pyise width differ in the first and second portions of the 
GOVERNMENT RIGHTS 5 curve and the predetermined pulse width is that point along 

the curve between its first and second portions. In other 
This invention was made with government support pro- me p^^med pulse ^tit is the point where the 

vided by the Office of Naval Research and the National ^ vergus rdationship Q0 loilgcr appUes, and, of course, 
Science Foundation under the terms of No. STC PHY ft does not ly f or pulse shorter than the predeter- 
8920108. Hie government has certain rights in the inven- 1Q pulsc ^dtii. 

uoa ' The scaling of fluence breakdown threshold (F^) as a 

FIELD OF THE INVENTION function of pulse width (T) is expressed as F A proportional 

tothesquarerootof CT^is demonstrate m the pdse width 
This invention relates generally to methods utilizing regime to the nanosecond range. Hie invention provides 
lasers for modifying internal and external surfaces of mate- 15 methods for operating in pulse widths to the picosecond and 
rial such as by ablation or changing properties in structure of femtosecond regime where we have found that the break- 
materials. This invention may be used for a variety of down threshold (Fth) does not vary with the square root of 
materials. pulse width (T^). 

ttAnrOROTlNn OF THE INVENTION ^ Mse duration 60111 nanosecond down to the fern- 

BACKGROUND UF THc UN Viim 1UJN 3, tos ^ ndrangeisacco ^ 

Laser induced breakdown of a piAterial causes chemical pulse having a predetermined duration from an optical 

and physical changes, chemical and physical breakdown, oscillator. Next the short optical pulse is stretched in time by 

disintegration, ablation, and vaporization. Lasers provide a factor of between about 500 and 10,000 to produce a timed 

good control for procedures which require precision such as stretched optical pulse to be amplified. Then, the time 

inscribing a micro pattern. Pulsed rather than continuous 25 stretched optical pulse is amplified in a solid state amplify- 

beams are more effective for many procedures, including ing media. This includes combining the time stretched 

medical procedures. Apulsed laser beam comprises bursts or optical pulse with an optical pulse generated by a second 

pulses of light which are of very short duration, for example, laser used to pump the solid state amplifying media. Hie 

on the order of 10 nanoseconds induration or less. Topically, amplified pulse is men recompressed back to its original 
these pulses are separated by periods of quiescence. The 30 pulse duration. 

peakpowerof eac^ pulse is rekdvdyhi^ often on the order m one embodiment, a laser oscillator generates a very 

of gigawatts and capable of intensity on the order of 10 13 short pulse on the order of 10 to 100 femtoseconds at a 

w/cm 2 . Although the laser beam is focused onto an area relatively low energy, on the order of 0.001 to 10 nanojoules. 

having a selected diameter, the effect of the beam extends Then, it is stretched to approximately 100 picoseconds to 1 

beyond the focused area or spot to adversely affect periph- nanosecond and 0.001 to 10 nanojoules. Then, it is amplified 

eral areas adjacent to the spot Sometimes the peripheral area to typically on the order of 0.001 to 1,000 milHjoules and 

affected is several times greater man the spot itself. This 100 picoseconds to 1 nanosecond and men recompressed. In 

presents a problem, particularly where tissue is affected in a i te final state it is 10 to 200 femtoseconds and 0.001 to 1 ,000 * 

medical procedure. In the field of laser machining, current mulijoules. Although the system for generating the pulse 

lasers using nanosecond pulses cannot produce features with may vary, it is preferred that the laser medium be sapphire 

a high degree of precision and control, particularly when which includes a titanium impurity responsible for the lasing 

nonabsorptive wavelengths are used. action. 

It is a general object to provide a method to localize laser jq one aspect, the method of the invention provides a laser 
induced breakdown. Another object is to provide a method 45 beam which defines a spot that has a lateral gaussian profile 

to induce breakdown in a preselected pattern in a material or characterized in that fluence at or near the center of the beam 

on a materiaL spot is greater than the threshold fluence whereby the laser 

mAWVtr « wmW r^T induced breakdown is ablation of an area within the spot 

SUMMARY OF THE INVENTION ^ c maximum intensity is at the very center of the beam 
In one aspect the invention provides a method for laser 50 waist The beam waist is the point in the beam where 
induced breakdown of a material with a pulsed laser beam wave-front becomes a perfect plane; mat is, its radius of 
where the Ferial is characterized by a relationship of curvature is infinite. This center is at radius R=0 in the x-y 
fluence breakdown threshold (F^ versus laser beam pulse axis and along the Z axis, 2=0. This makes it possible to 
width (T) that exhibits an abrupt, rapid, and distinct change damage material in a very small volume Z=0, R=0. Thus it 
or at least a clearly detectable and distinct change in slope 55 is possible to make features smaller than spot size in the x-y 
at a predetermined laser pulse width value. The method focal plane and smaller than the Rayleigh range (depth of 
comprises generating a beam of laser pulses in which each focus) in the Z axis. It is preferred mat the pulse width 
pulse has a pulse width equal to or less man the predeter- duration be in the femtosecond range although pulse dura- 
mined laser pulse width value. The beam is focused to a tion of higher value may be used so long as the value is less 
point at or beneath the. surface of a material where laser $o ^ mc width defined by an abrupt or discernable 
induced breakdown is desired. change in slope of fluence breakdown threshold versus laser 

In one aspect the invention may be understood by further beam pulse width, 

defining the predetermined laser pulse width as follows: the In another aspect a diaphragm, disk, or mask is placed in 

relationship between fluence breakdown threshold and laser the path of the beam to block at least a portion of the beam 

pulse defines a curve having a first portion spanning a range 65 to cause the beam to assume a desired geometric configu- 

of relatively long (high) pulse width where fluence break- ration. In still further aspects, desired beam configurations 

down threshold (F^ varies with the square root of pulse are achieved by varying beam spot size or through Fourier 



Transform cm pulse shaping to cause a special frequency HGS. 10 and 11 are plots ofplasma errussionversus kser 

ShSL Sde a geometric shape. fluence showing that at 170 (HG. 10) pulse width the F rJ> is 

distribution to provide a geometric snape. compared to 7 nm(FIG. 11) pulse width 

Itisprefeiredmatthebcamtaveanen^mtherange g™^ uncle 7 

of 10iJ(nanojodes)tolmimjouleandUiatmebeamhave RG 12 ^ a lotofi ^ ctioDizationrate p e r unit distance 

a fluence in the range of 0.1 J/cm 2 to 100 J/cm Ooules per detcnnined by exp eriment and theoretical calculation, 

centimeter square). It is preferred that the wavelength be in mQS m ^ R m scncmatic illustrations of beam 

a range of 200 nm (nanometers) to 1 urn (micron). ^ Qng me longitudma i z axis and sharing precise 

Advantageously, the invention provides a new method for control of damage — dimension along the Z axis, 

deterring me or^ 10 DETAILED DESCRIPTION OF THE 

specific material .and a procedure for W^"*™* PREFERRED EMBODIMENTS 

produce a precisely configured cut or void in or on a . , , 

material. For a given material the regime is reproducible by Referring to FIG. 1 mere is shown an apparatus for 

the method of the invention. Advantageously, very high performing tests to determine the laser induced breakdown 

intensity results from the method with a modest amount of threshold as a function of laser pulse width in the nanosec- 

energy and the spot size can be very small. Damage to 0 nd to femtosecond range using a chirped-pulse amplifica- 

adiomine area is nunimized which is particularly important tion (CPA) User system The basic configuration of such a 

to human and animal tissue. CPA system is described in VS. Pat No. 5,235.606 which 

These and other object features and advantages of me is assigned to the assignee of the present invention and 

• !fl^u hernme aooarent from the following « which has inventors in common with this present appkca- 

23£T5 tpEJSJSi claLs. an! 20 ^^^ 35 ' 606 * * 

accompanying drawings. Qurped-pulse amplification systems have been described 

BRIEF DESCRIPTION OF THE DRAWINGS oy Jeffrey Squier and Gerard Mourou, two of the joint 
™- i • * ^. ma t,v r^^nteHon of a laser induced « inventors in the present application, in a publication entitled 

FIG. 1 is a schemauc rcpres^ntaton * ^ * ^ Focus W ^ pub lished by Pennwell in Juneof 1992. 
breakdown ( expenmental ^^ ch m ^^ V S S c^^ 

pulse amplificauon laser ^ ^tem and rneans for^ctng J« « ^ ^ low 

scattered and transited ^^^\J^^ repetiu^Ws such as ND glass lasers with outputs of 
transparent, then transmitted energy can also be ineasurei J* J ^ * $ ^ % ^ 

HG.2isaplotofscatt^ 30 category las« that have an output of approxi- 

obtained for an opaque (gold) sample Rising : * ££J x joule S ^ d ^tion rates from 1 to 20 hertz. The 

FIG. 1 operated at 150 femtoseconds (fs) pulse duraUon. ^ JJ J levd ^ &at opera£e ^ 

FIG. 3 is a plot of calculated and expenmental values of ^ from x t0 10 i&oheTtz. Afourth group of lasers 
threshold fluence versus pulse width for gold, with expen- operates at 2 50 to 350 kilohertz and produces a 1 to 2 
mental values obtained for the gold sample using the system 35 ^ojoules per pu ise. In U.S. Pat No. 5,235,606 several 
of FIG.l operated at 800 nm wavelength. The a^ ™* 5 solid state amplifying materials are identified and theinven- 
the point on the plot where the F A proportional to T no ^ rf u g pflt Nq 5^5^ ^ mustrated using the 
longer applies, as this relationship only holds for ^ pulse Ale ^d r i t e.The examples below use Tl:Sapphire and gen. 
widths down to a certain level as shown by the solid line. ^ foUow ±Q basic of u& Pat No , 5,235,606 

FIG. 4 is a graphical representation of sul^spot size witfa some variations as described below, 
abktion/inachining in gold based on arbitrary units and ^ ^5^^ examples described below generally per- 
showing F rt the threshold fluence needed to initiate ™tenal ^ to pulse eIiergics [ ess than a microjoule and often in the 
removal; Rs the spot size of the incident beam and Ra the nano j ou i e range with pulse duration in the range of hundreds . 
radius of the ablated hole in the x-y plane. . ^ of picoseconds 0 r less and the frequency on the order of 1 
FIG. 5 is a schematic illustration of a beam intensity jdlohertz. But these examples are merely illustrative and the 
prafile showing that for laser inicro-machining with ultraf ast invention is not limited thereby, 
pulse according to the invention, only the peak of the beam ^ ft basic scne me for CPA, first a short pulse is generated, 
intensity profile exceeds the threshold intensity for ablation/ ^ ^ pulse fr om m e oscillator is sufficiently short so 
machining. 50 that further pulse compression is not necessary. After the 

FIG. 6A and B are schematic illustrations of a beam pu lse is produced U is stretched by a gratmg pair arranged to 
showing the placement of a disk-shaped mask in the beam provide positive group velocity dispersion. The amount the 
p am . pulse is stretched depends on the amount of amplification, 

FIG. 7 is a plot of scattered plasma emission and trans- Below a millijoule, tens of picoseconds are usually suffi- 
imtted laser pulse as a function of incident laser pulse energy 55 dent A first stage of amplification typically takes place in 
for a transparent glass sample, Si0 2 . either a regenerative or a multipass amplifier. In one con- 

FIG 8 is a plot of fluence threshold (F^ versus pulse figuration this consists of an optical resonator that contains 
width CD for the transparent glass sample of FIG. 7 showing the gain media, a Pockels cell, and a thin film polarizer. After 
that F varying with T 172 only holds for pulse widths down the regenerative amplification stage the pulse can either be 
' to a certain level as shown by the solid line. Previous work & recompressed or further amplified. The compressor consists 
of others is shown in the long pulse width regime (Squares, of a grating or grating pair arranged to provide negative 
Smith Optical Eng 17. 1978 and Triangles, StokowskL NBS group velocity dispersion. Gratings are used in the compres- 
SoecBul541 1978)* sor t0 correspond to those in the stretching stage. More 

FIG 9haplotoffluencethre5holdversuspulsewid& particulars of a typical system are described in U^. Pat No. 
corneal tissue, again showing that the proportionality 65 5,235,606, previously incorporated herein by reference, 
between F h and pulse width follows the T 172 relationship An important aspect of the invention is the development 
only for pulse widths which are relatively long. of a characteristic curve of fluence breakdown threshold F,„ 



asafunctionoflaserpulsewidthspecifictoamaterial.Thcn a radius It is evident that by properly choosing the 

identify on such curve, the point at which there is an abrupt, incident fluence, the ablated spot or hole can in principle be 

or distort and rapid change or at least a discernable change smaller than the spot size, This concept u shown 

Z slope characteristic of the material. In general it is more schematically m FIG. 5. AUhough die dato for a 150 f s pulse 

in uupo uuatovuiLioiiv v * a , shown in FIG. 4. this threshold behavior is exhibited in a 

desirable Jt^nE Sown ^S^^^m.U^s^spoUizc^on 

precise control f the laser induced breakdown (UB) or fa ^"J*,^ m me longer pulse regimes> due to the 

ablation threshold. dominance of thermal diffusion as will be described below. 

FXAMPLB 1 Additional experiments on opaque materials used a 800 

tiAAMriJ1 nmTuSaprAire oscillator whose pulses were stretched by a 

OnMiie Material grating pair, amplified in a regenerative amplifier operating 

ypoquc mauauu at j VH7. ; and finally recompressed by another grating pair. 

FIG. 1 shows an experimental setup for determining Pulse widths from 7 ns to 100 fs were obtained. The beam 

threshold fluence by determining scattered energy versus was focused with a 10x objective, implying a theoretical 

incident fluence and by determining threshold fluence versus spot size of 3.0 umin diameter. A SEM photo-micrograph of 

pulse width. The system includes means for generating a 15 ablated holes obtained in a silverfilm on glass usmg a puke 

Sed laser beam as described earlier, and means, typically width of 200 fs and a puke energy of 30 rJ (fluence of OA 

to coUecting emission from the target to a photo- J« produced two holes of diameter approximately 03 

multiplier tube. Change of transmission through a transpar- urn in diameter. Similar results have been obtained in 

ent sample is measured with an energy meter. aluminum. 

FIG2 shows a plot of data obtained from an absorbing 20 These results suggest that by, producing a smaUer spot 

23£ *< » to genome fourm harmonic 

^experimental ro ^°^^ ^ av ^*. rf ;^ diameters of 200 angstroms couM m prmc^le be formed, 
and 200 fs pulses on gold (FIG 3), the absorption depth is fe ^ femtosecond pulses 

275 A with a diffusion kngth of 50 £ In the case of JZ&iSZltixn ^ me abMon^chining proems can 

■^^P^^*^^^^?,?*? bTSdeibly less than the wavelength of the laser radia- 
of 10 urn (micron) ^^^^S*^ me " *a ™* * ^ «• ^ ablated Mes have an area or 
absorption depth, resulting in thermal diffusion being .the leJfcanme area or diameter of the spot size. In the 

linflingfartorfofeato^ di^onlimued spot size, the ablated hole 

to***^*^^*^""?^^^ ^ (diameter) less than the ftmdamental wavelength 
3- Here both experimental and fceoreucal ablation thresh- ^ a ^ ye ^ ablated holes ^ alters 

. olds are plotted as a function <J P^^£«^ 35 S than the s& diameter and with diameters 10% or less 

^pro^elyjvux^dsp^tvn^d^^h^ be£av* size. For ultrafast pulses inmetalsthe 

as T or ip c^ineates the pom (or region close* boundmg £ w fc fte meimal 

matpomt)atwhichttether^ Sffusivity andtmepKme),is rignificantly smaller than 

Stionsfroma slowly varying or nearly constant value as embaurnentsd^ndrng on me desired configura^ons of the 
afadta rXwidm tocme that is dramatically depen- 45 indocedtaeatonLlta^ 
JlK^tfa^Mu* is surprising. It has been usmg a mask m taeb^paft varying spot size, adjusbng 
SonstLd that the electron mention time for laser focus position bjr inoving fte lens, adjusting laser 
Sfc^ergyin gold is on the order of, or less than, 500 design, FoodexTxansfi^FT) shaping using a laser oper- 
Kfme Ko^lattice interaction time is 1 ps. The ating .nodecfter ttan TEM<£ and ladjushng theRayleigh 
induces of this for ultrafast laser pulses is that the M range, the depth of focus or ^ « 
enerw is contamed within me beam spot. In factfor energies The use of a mask is illustrated m FIG. 6A and B. The 
at or near the threshold for ablation, the spatial profile of the basic method consists of placing a mask m the beam path or 
laser beam wfll determine the size and shape of the region on the target itself. If it is desired to block a portion of the 
hemgablated^GS^andS). ft£KJKS ff^SSS, S 

flSS a goU filnTrhe technique involv ed is contour the target to the shape of the 

bS uZSperimental setup previously described. A The ^varying spot size is accomphshed by varying the 
KXnrioa Kmc inSu? of the light is proper- £tex U, .varying mefocal leng* o Mb. dens or input 
tonal totoe amount of material ablated; In FIG. 4, the 60 beam size to the lens as by adjustable diaphragm, 
material removed is plotted as a function of fluence. A well Operation in other than the TEMoo mode means that 
defined threshold fluence is observed at which material higher order transverse modes could be used. This affects the 
removal is initiated. By having only a small fraction of the beam and material as follows: the beam need not be circular 
: gaussian beam where the fluence is greater than the or gaussian in intensity. The material will be ablated corre- 
threshold, the ablated region can be restricted to this small 65 sponding to the beam shape. 

area. In FIG. 4, R« is me radial position on the beam where The Rayleigh range (Z axis) may be adjusted by varying 
the fluence is at threshold. Ablation, then, occurs only within the beam diameter, where the focal plane is in the x-y axis. 
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EXAMPLE 2 consistent with the multiphoton avalanche breakdown 

theory. (See FIGS. 8 and 9.) It is possible to make features 
Transparent Material smaller than spot size in the x-y focal plane and smaller than 

a • * „ roM ^r rtrm<k/l ™ C ;n the Rayleigh range (depth of focus) in the longitudinal 

A series of tests were performed on an SiO, (glass) „ ~ . *t>L i * i * i • 

sample to determine the laser induced breakdown^ 5 or Za«s. These dements are esser^ to n,akmg 

Soldasafunctionof laser pulse width between 150fs-7 features smaUer 111811 *" 5126 01 »»S* 
ns. using a CPA laser system. The short pulse laser used was EXAMPLE 3 

a 10 Hz Ti:Sapphire oscillator amplifier system based on the 

CPA technique. The laser pulse was focused by an f=25 cm w Tissue 
lens inside the Si0 2 sample. Hie Rayleigh length of the A series of experiments was performed to determine the 
focused beam is ~2 mm. The focused spot size was mea- breakdown threshold of cornea as a function of laser pulse 
surcd in-situ by a microscope objective lens. Hie measured width between 150 fs-7 ns t using a CPA laser system. As 
spot size FWHM (full width at half max) was 26 urn in noted m ^ CRAlaser system, laser pulse width can 
diameter in a gaussian mode. Vxq fused silica samples were ^ ^ wn iie all other experimental parameters (spot size, 
made fromCc^g7940, with a thickness of 0.15 mm.They waV elength, energy, etc) remain unchanged. The laser was 
were optically polished on both sides with a scratch/dig of f 0C used to a spot size (FWHM) of 26 pm in diameter. The 
20-10. Each sample was cleaned by methanol before the plasma emission was recorded as a function of pulse energy 
experiment Thin samples were used in order to avoid the ^ t0 ^ten^e the tissue damage threshold. Histo- 
complications of self-focusing of the laser pulses in the bulk. 2Q logic damage was also assessed. 
THe Si0 2 sample was mounted on a computer controlled Breakdown thresholds calculated from plasma emission 
motorized X-Y translation stage. Each location on the ^ reyealed ^^ons from ^ scalin ^ n ccT^as 
sample was muminated by the laser only once. to ^ ^ of metals ^ ^ M sh * wn ^ 9 ^ 

Two diagnostics were used to determine the breakdown scaling Jaw of the fluence threshold is true to about 10 ps, 
t hresho ld F,*. First, the plasma emission from the focal ^ ^ wncn ^ shortens to less than a few picosec- 
regton was collected by a lens to aphotomniiipiief tube with shown in FIGS. 10 and 11, the ablation or UB 

appropriate filters. Second, the change of transmission threshold varies dramatically at high (long) pulse width. It is 
through the sample was measured with an energy meter. V ery precise at short pulse width. These results were 
(SeeFLG. 1) Visual inspection was performed to confirmthe obtained at 770 nm wavelengths. The standard deviation of 
breakdown at a nanosecond pulse duration. HG. 7 shows ^ breakdown threshold measurements decreased markedly 
typical plasma emission and transmitted light signal versus w i m shorter pulses. Analysis also revealed less adjacent 
incident laser energy plots, at a laser pulse width of t p =300 histological damage with pulses less than 10 ps. 
fs. It is worthy noting thatthe ^mssion changed slowly at The breakdown thresholdfor ultrashort pulses (<10 ps) is 
aroundF^ ms can^ less than longer pulses and has smaller standard deviations, 

fcmavioroffcebr^ 35 Rcduccd adjace ^ damage to tissue results from 

spatial variation of the intensity, the breakdown will reach me mtrasho ^ laser pulse ^ 

threshold at the center of the focus, and because of the short _ r * 

i a «i» BW ,««Hii In summary, it has been demonstrated that sub- 

^t^S^r^rrSS wa^en^scan^^edMon^s^es^ 

fad furtti« assuming that the aValanche takes the entire ^^^^TfT^^f^^^S^ 
pulse duration to reach threshold, one can show that the *** of m ^ " terpretation is further 

tnLnitted laser energy U, as a function of the input energy ^^^^^.^^^^^t 
TT . . - gaussian distribution of the pulse in relation to the threshold 

u is given oy 45 fQr ^^fe^on ^ ^1^0^ 

Laser induced optical breakdown dielectrics consists of 
Uf=W, USU* three general steps: free electron generation and 

multiplication, plasma heating and material deformation or 
Uf=Wdli4bKUAJ*$\> V>V th breakdown. Avalanche ionization and multiphoton ioniza- 

1 . f • • jc • * <m. ..j tion are the two processes responsible for the breakdown, 

where k^ the lmear teans^on coefficient The sdid The laser kduc*d br^^ 

curve in FIG. 7 is plotted usmgEq. (1), wim U^as afitung dfi ^ onthe pulse width of the laser pulses. An empirical 
parameter. In cute* breakdown caused by nanosecond the fluence breaMownfo^^ 

^err^sesc^^ of the pulse widm is given by F A ^^^ 

the pulses, indicating a different temporal and spatial behav- 55 breakdown threshV Although this 
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* 0 . A , „ . , , L i4 T7 scaling law applies in the pulse width regime from nano- 

EK3. 8 shows the fluence breakdown threshold F* as a SCOTn | toteI j£ picoseconds, the kventior^tes advantage 
function of laser puke width. From? ns to about 10 ps, the offtehen^foreurJmown regime where breakdown thresh- 
b**^to^t^to*^vite«^ oldd(^n<)tfoUowthescalinglawwhensuitablyshortlaser 
long pulse width regime (triangles and squares) are also <o „„,... „_ „ c . „, j, « a JL. i .i^..-^, „„h 

is consistent with earlier work only in the higher pulse width ^10 picoseconds for SA. 

portion of the curve. When the pulse width becomes shorter While not wislun 8 to be held to any particular theory, it 

than a few picoseconds, the threshold starts to increase. As 1S thaa ^ lt me ionization process of a solid dielectric 

noted earlier with respect to opaque material (metal), this 65 mumu f ted ^ 811 intensc laser pulse can be described by the 

inaeased precision at shorter pulse widths is surprising. A general equation 

large increase in damage threshold accuracy Is bserved, ^^<^^W.^yii),rV«Ji'Vdi) bu 



where n (t) is the free electron (plasma) density, x\{E) is the FIG. 12 is a plot of a as a function of the electric field, E, 

avalanche coefficient, and E is the electric field strength. The From experimental data, calculated according to riy^O and 

second term on the right hand side is the photoionization T]=av^ The solid curve is calculated from the above 

contribution, and the third term is the loss due to electron equation, using E<=30 MV/cm, ^,=3.2 MV/cm, and 

diffusion, recombination, etc, When the pulse width is in the 5 0.01 MV/cm. These parameters are calculated from U=eEl, 

picosecond regime, the loss of the electron is negligible where U is the appropriate thermal, phonon, and ionization 

during the duration of the short pulse. energy, and 1 is die correspondent energy relation length 

Photoionization contribution can be estimated by the (l*r=y-5 A, the atomic spacing, and 1^30 A). It shows the 

tunneling rate For short pulses, B~10 8 V/cm, the tunneling same saturation as the experimental data. The dashed line is 

rate is estimated to be W-4X10 9 sec" 1 , which is small corrected by a factor of 1.7, which results in an excellent fit 

compared to that of avalanche, which is derived below. with the experimental data. This factor of 1.7 is of relatively 

However, photoionization can provide the initial electrons minor importance, as it can be due to a systematic 

needed for the avalanche processes at short pulse widths. For correction, or because breakdown occurred on the surface 

example, the data shows at 1 ps, the rms field threshold is first, which could have a lower threshold. The uncertainty of 

about 5xl0 7 V/cm. The field will reach a value of 3.5xl0 7 the saturation value of v^ also can be a factor. The most 

V/cm(rms) at0.5 ps before thepeakofthepulse, and w-100 15 important aspect is that the shape (slope) of the curve given 

sec" 1 During a At-100 fs period the electron density can by the..equation provides excellent agreement with the 

reach n/~n^l-exp(-wAt)HO u cm" 3 , where n^lO 22 is the experimental data. Thus, the mechanism of laser induced 

total initial valence band electron density. breakdown in fused silica (Example 2), using pulses as short 

Neglecting the last two terms there is the case of an as 150 fs and wavelength at 780 nm, is likely still dominated 

electron avalanche process, with impact ionization by pri- 20 by the avalanche process. 

mary electrons driven by the laser field. The electron density Opaque and transparent materials have' common charac- 

is then given by n ff (t>=V<exp(n(E)t), where n^ is the initial teristics in the curves of FIGS. 3, 8, and 9 each begins with 

&ec electron density. Tlicse initial electrons may be gener- yem , s t 172 behavior but then distinct change from that 

ated through thermal ionization of shallow traps or photo- behavior is evident From the point of deviation, each curve 

ionization. When assisted by photoionization at short pulse 25 . g not necessar ii y the same since the materials differ. The 

regime, the breafciown is mere statistical . According ; to the characteristics of each material differ requiring a 

condition that breakdown occurs when the electron density ^ ^ ^ ^ ^ m of si0 ^ 8) ^ 
exceeds n^l£ 8 cm" 3 and an inihal energy deposition mechanism is by dielectric breakdown, 

cm^thebrea^ TUcoptiS radiation is releasing electrons by multiphoton 

inched when tvl£30. There is some arbitrariness in the ™Z *em to energies by high field of the laser. It is 
Stio^ p^ density relating to the breakdown thought that only a small amount of relahvdy high energy 
threshold. However, the particular choice of plasma density electrons exist prior to the laser action. The electrons in turn 
does not change the dependence of threshold as function of collide with other bound electrons and release them in the 
puke duration (the scaling law). 35 avaianching process. In the case of metal, tree electrons are 
In the experiment, the applied electric field is on the order available and instantly absorbing and redistributing energy, 
of afew tens of MV/cm and higher. Under such a high field, For any material, as the pulses get shorter laser induced 
the electrons have an average energy of -5 eV, and the breakdown (LIB) or ablation occurs only in the area where 
electron collision time is less than 0.4 f s for electrons with the laser intensity exceeds LIB or ablation threshold. There 
energy U^5-6 eV. Electrons will make more than one 40 is essentially insufficient time for the surrounding area to 
collision during one period of the electric oscillation. Hence reac t thermally. As pulses get shorter, vapor from the ablated 
the electric field is essentially a dc field to those high energy material comes off after the deposition of tie pulse, rather 
electrons. The breakdown field at optical frequencies has ^ m during deposition, because the pulse duration is so 
been shown to correspond to dc breakdown field by the fihort ^ 5^^^^ by the method of the invention, laser 
relationship E^wJ^^lW 2 ) , where w is the 45 j^ced breakdown of a material causes thermal-physical 
optical frequency and It is the collision tune. changes through ionization, free electron multiplication, 
In dc breakdown, the ionization rate per un^ leng^ a, is ^ breaMown, plasnia formation, other thermal- 
used to ^^ e ^ ft ^ phyricd changes ^ 

where w is the drift V ^f^^ d ^-^J^ lading to an Lversible change in the material It was also 

dectric^^v^xlO 7 cm/s. gation axis (FIG. 13). The beamintensity as a function of R 

The ionization rate per unit length of an electron is just z expressed as: 

eE/U, times the probability, P(E), that the electron has an /( ^ F^j(\+z^*xp< r '2&rf l d 

energy or a(p<eE/U^P(E). Denoting E^ and E, where Zv-is the Rayledgh range and is equal to 
as threshold fields for electrons to overcome the dcceleratmg 53 wuac ' ^ ^ ^ 

. effects of thermal, phonon, and ionization s ca tt e ring , respec- ^ t 
tively. Then the electric field is negligible, E^^ so the z*= — >£— . 

distribution is essentially thermal, P(B) is simply cxpt-iy 

kT). It has been suggested: P(E)~exp(-const/E) for . . 

„v* ' . ,^° nctA7 ^ A L 1( aJ? firiA8 (R>v \ 60 W d is the beam size at the waist (Z=0). 

B„<E<E>,; P(I^xt^n« at We can see that the highest value of the field is at Z>=R=0 

Combining the three cases the expression that satisfies both ~ **** _ . . ^77 . L1J . . , . ^ , 

a u- u W7av~u c . at the center of the waist If the threshold is precisely defined 

low and high field limits. k ^ to ^ mXaM p rcdscly at ^ waist 

o<£H«^i)^- cz '( £3 C l '* BE ^a'> and have a damaged volume representing only a fraction of 

This leads to F rt a B\~lfx p , Le., the fiuence threshold 65 the waist in the R direction or in the Z direction. It is very 

will increase for ultrashort laser pulses when E>V^E, is important to control precisely the damage threshold or the 

satisfied. laser intensity fluctuation. 



For example, if the damage threshold or the laser fluc- 
tuations known within 10% that means that on the axis 



damaged volume can be produced at a distance Z//3 where 
Z R again is the Rayleigh range. For a beam waist of W C =X 
then 



as shown in FIG. 13. 

The maximum intensity is exactly at the center of the , 
beam waist (Z=0, R=0), Far a sharp threshold it is possible 
to damage transparent; dielectric material in a small volume 
centered around the origin point (Z=Kh R=0). The damage 
would be much smaller than the beam waist in the R 
direction. Small cavities, holes, or damage can have dimen- 
sions smaller than the Rayleigh range (Z^) in the volume of 
the transparent, dielectric material. In another variation, the 
lens can be moved to increase the size of the hole or cavity 
in the Z dimension. In this case, the focal point is essentially 
moved along the Z axis to increase the longitudinal dimen- 
sion of the hole or cavity. These features are important to the 
applications described above and to related applications 
such as micro machining, integrated circuit manufacture, 
and encoding data in data storage media. 

Advantageously, the invention identifies the regime where 
breakdown threshold fluence does not follow the scaling law 
and makes use of such regime to provide greater precision 
of laser induced breakdown, and to induce breakdown in a 
preselected- pattern in a material or on a material. The 
invention makes it possible to operate the laser where the 
breakdown or ablation threshold becomes essentially accu- 
rate. The accuracy can be clearly seen by the I-bars along the 
curves of FIGS. 8 and 9. The I-bars consistently show lesser 
deviation and correspondingly greater accuracy in the 
regime at or below the predetermined pulse width. 

While- this invention has been described in terms of 
certain embodiment thereof, it is not intended that it be 
limited to the above description, but rather only to the extent 
set forth in the following claims. 

The embodiments of the invention in which an exclusive 
property or privilege is claimed are defined in the appended 
claims. 



(R=0) 




and the d distance between hole can 




